Momordica charantia has been used to treat a variety of diseases, including inflammation, diabetes and cancer. A cucurbitane-type triterpenoid [(19R,23E)-5β, 19-epoxy-19-methoxy-cucurbita-6,23,25-trien-3 β-o-l] previously isolated from M. charantia was demonstrated to possess significant cytotoxicity against cancer cells. The current study investigated the effects of this compound (referred to as compound K16) on diabetes using an alloxan-induced diabetic mouse model. C57BL/6J mice were intraperitoneally injected with alloxan (10 mg/kg body weight), and those with blood glucose concentration higher than 10 mM were selected for further experiments. Diabetic C57BL/6J mice induced by alloxan were administered 0.9% saline solution, metformine (10 mg/kg body weight), or K16 (25 or 50 mg/kg body weight) by gavage for 4 weeks, followed by analysis of blood glucose level, glucose tolerance, serum lipid levels and organ indexes. The results demonstrated that compound K16 significantly reduced blood glucose (31-48.6%) and blood lipids (13.5-42.8%; triglycerides and cholesterol), while improving glucose tolerance compared with diabetic mice treated with saline solution, suggesting a positive improvement in glucose and lipid metabolism following K16 treatment. Furthermore, similarly to metformine, compound K16 markedly upregulated the expression of a number of insulin signaling pathway-associated proteins, including insulin receptor, insulin receptor substrate 1, glycogen synthase kinase 3β, Akt serine/threonine kinase, and the transcript levels of glucose transporter type 4 and AMP-activated protein kinase α1. The results of the current study demonstrated that compound K16 alleviated diabetic metabolic symptoms in alloxan-induced diabetic mice, potentially by affecting genes and proteins involved in insulin metabolism signaling.
Introduction
Diabetes is one of the most common chronic diseases, which occurs when the pancreas does not produce enough insulin, or when the body cannot effectively use the insulin it produces. The World Health Organization estimates the incidence of diabetes to be 9% among adults >18 years old (1) . In 2012 alone, diabetes was the direct cause of 1.5 million mortalities. Of diabetes-associated mortalities, >80% occur in low-and middle-income countries (2) . There are two types of diabetes: Type 1 diabetes is characterized by a lack of insulin production, whereas Type 2 diabetes is caused by the body's ineffective use of insulin. Both types of diabetes share a common syndrome, which is disordered glucose homeostasis. Disorder in glucose homeostasis is caused by defects in the phosphatidylinositol 3-kinase (PI3K)/Akt serine/threonine kinase (Akt) and AMP-activated protein kinase (Ampk) pathways in insulin-sensitive tissues, which then lead to the accumulation of glucose in the blood. The regulation of glucose uptake is critical for the maintenance of glucose homeostasis. Glucose uptake is dependent on the translocation of glucose transporter type 4 (Glut4) to the plasma membrane. There are two major signaling pathways that regulate the translocation of Glut4. The first is the insulin activated signaling pathway through insulin receptor substrate 1 (IRS1) and PI3K. The second is the insulin-independent signaling pathway activated by Ampk. Decreases in insulin-stimulated glucose uptake in the skeletal muscle caused by insulin resistance is a symptom of individuals with Type 2 diabetes (3) .
The treatment of diabetes has become a social focus. Existing hypoglycemic drugs, including insulin and other conventional drugs, predominantly aim to relieve the symptoms of a particular type (Type I or II) of diabetes. These drugs may produce certain drug dependencies and side effects. In recent years, interest in using plant extracts as a strategy to prevent or treat diabetes has grown, as they are natural products and are considered to have fewer side effects than conventional treatments. Momordica charantia, commonly termed bitter melon, is one of the popular plants that has been used as medicinal plant for treating diabetes and various other diseases.
M. charantia, a perennial climber, is a tropical and subtropical vine of the family Cucurbitaceae. The fruit, and the whole plant, has been demonstrated to possess antidiabetic, antiviral, ant-bacterial and anticancer activities (4) . Extracts of M. charantia have been demonstrated to increase cellular glucose uptake by upregulating Glut4 and PI3K, which lead to enhanced cellular insulin signaling pathways (5) . Many phytochemicals with hypoglycemic properties have been isolated from the fruit of M. charantia, including glycosides (momordin, charantin), alkaloids (momordicin) and polypeptides. These agents have been demonstrated to promote the translocation of glucose transporters and increase the activity of Ampk in insulin resistant animal models (6, 7) . The protein extract from the fruit pulp of M. charantia also stimulates the uptake of glucose into C2C12 myocytes (8) .
The compound (19R,23E)-5β, 19-epoxy-19-methoxy cucurbita-6,23,25-trien-3 β-o-l (compound K16) was previously evaluated for its inhibitory activities toward protein tyrosine phosphatase 1B, a tyrosine phosphatase that has been implicated as a key target for therapy against Type II diabetes. Additionally, the extraction and identification of two cucurbitane-type triterpenoids from M. charantia were previously reported, and these compound exhibit significant cytotoxicity against cancer cells (9) . The present study investigated the antidiabetic activity of compound K16 in alloxan-induced diabetic mice and explored the associated underlying mechanism.
Materials and methods
Chemical and reagents. 2,4,5,6-Tetraoxypyrimidine (alloxan) was purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Metformine was purchased from Shanxi Baozhilin Pharmaceuticals Co., Ltd. (Shanxi, China). Compound K16, a cucurbitane-type triterpenoid isolated from M. charantia was provided by Shenyang Pharmaceutical University (Shenyang, China) (10), and its structure is presented in Fig. 1 Establishment of the diabetic mouse model. After 1 week of acclimation, male mice (6 weeks old) were randomly divided into 2 groups: Control group (n=10) and model group (n=40). Mice in the control group mice were administered 0.9% saline solution, whereas those in the model group received alloxan (50 mg/kg body weight). The saline solution and alloxan were administered via intraperitoneal injection, and a total of three injections were given, at 48 h intervals. Subsequently, blood samples were collected from the tails of the animals and the glucose levels in the blood samples were measured with a glucometer (Roche Diagnostics, Basel, Switzerland). The animals were subjected to a 16-h fasting period prior to the blood glucose test. Successful establishment of this model was based on mice exhibiting a blood glucose concentration between 10 and 14 mM, and exhibiting behavioral changes, including polydipsia, polyphagia and polyuria (11) . Only these animals were used in subsequent experiments.
Compound K16 supplementation and sample collection. The alloxan-induced hyperglycemic mice were randomly sorted into 4 groups (n=10 per group), with each group having approximately the equivalent average body weight. One group was administered 0.9% saline solution (alloxan group). Another group was administered metformin (10 mg/kg; metformine group) as a positive control as metformin improves insulin resistance. The remaining two groups were each administered compound K16 (25 or 50 mg/kg body weight). Administration of the drugs was performed by oral gavage, and the treatment lasted for 4 weeks, with three treatments per week. Simultaneously, mice in the control group, (without administration of alloxan) also received 0.9% saline solution via oral gavage for the equivalent duration and frequency. These mice were considered as healthy control mice. Analysis of blood glucose level and glucose tolerance. Blood glucose levels were measured weekly. Blood samples were collected from the tail of the animals following a fasting period of 16 h. The glucose levels in the samples were measured with a glucometer. Glucose tolerance was determined by the intraperitoneal glucose tolerance test (IPGTT), which was performed at week 4 of treatment. Again, the animals were subjected to a fasting period of 16 h, and blood samples were then collected from the tail before (0 time) and at 5, 15, 30, 60 and 120 min after intraperitoneal injection of glucose (1 mg/kg body weight). The glucose levels in the blood samples were measured by a glucometer. Area under the curve of glucose concentration vs. time plot was calculated using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA).
Analysis of serum cholesterol and triglyceride levels, and organ index.
At the end of week 4, blood samples were collected by eyeball extirpating and the animals were sacrificed by cervical dislocation. Serum was isolated from the blood samples by centrifugation at 5,000 x g min -1 for 10 min and the levels of cholesterol and triglycerides in the serum were then measured with a cholesterol (CHO) and triglyceride (TG) kit (Beijing BHKT Clinical Reagent Co., Ltd., Beijing, China). The liver, kidney, spleen and skeletal muscle were removed from the animals. They were weighed, snap-frozen in liquid nitrogen and stored immediately at -80˚C. The organ index was calculated as: Organ index = organ weight/body weight.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). RT-qPCR was performed to measure the expression levels of Glut4 and Ampkα1 in the liver of mice from different treatment groups. Total RNA was extracted from the liver tissue of three mice from each group. Liver tissue (20 mg) was ground in liquid nitrogen in a mortar and the total RNA was extracted from the tissue homogenate using TRIzol (Beijing Kang Century Biotechnology Co., Ltd., Beijing, China). RT-qPCR analysis was performed as described previously (12) using the ABI Prism 7900-HT Real-Time PCR System (Applied Biosystem; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Primers used in the RT-qPCR were as follow: Glut4, 5'-CTT GGC TCC CTT CAG TTT GG-3' (forward), 5'-CTA CCC AGC CAC GTT GCA TT-3' (reverse); Ampkα1, 5'-AAG CCG ACC CAA TGA CAT CA-3' (forward) and 5'-CTT CCT TCG TAC ACG CAA AT-3' (reverse); β-actin, 5'-AGG CAA ACC GTG AAA AGATG-3' (forward) and 5'-AGG CAA ACC GTG AAA AGA TG-3' (reverse). β-actin was used as an internal control and expression levels were calculated using the ΔΔCq method (13) .
Western blot analyses. The expression levels of several key proteins involved in the insulin signaling pathway in the liver were analyzed by western blotting. Liver tissue was extracted in radioimmunoprecipitation assay cell lysis buffer (Cell Signaling Technology, Inc.) for 15 min on ice (12) . Subsequently, the extract was briefly sonicated and then centrifuged at 12,280 x g for 15 min at 4˚C. The supernatant of the sample was retained and the protein concentration in the supernatant was measured by bicinchoninic acid assay. Aliquots of the supernatant containing total protein (40 µg) was resolved in 10% SDS-polyacrylamide gel and the protein bands were then 
Results
Effect of compound K16 on blood glucose levels of alloxan-induced diabetic mice. The effect of compound K16 on the blood glucose levels of alloxan-induced diabetic mice was investigated by administering mice with compound K16 over a period of 4 weeks and monitoring the changes in the blood glucose levels each week. The blood glucose level of Fig. 2A) . The blood glucose level of the metformine group was higher than that of alloxan group on the first week, but then decreased steadily to ~70% of the level of the alloxan group by week 4 (Fig. 2B) . The blood glucose levels of the two K16 groups were similar to that of the alloxan group week 1, however, the levels decreased over the following 3 weeks Although with the lower dosage of K16 the blood glucose level appeared to increase slightly at week 4, the high dosage of K16 reduced the blood glucose level to ~50% the level of the alloxan group ( Fig. 2C and D) . These results demonstrated the positive antidiabetic activity of K16 regarding its ability to reduce blood glucose levels in drug-induced diabetic mice, although the extent of reduction did not reach the blood glucose level of healthy mice.
Compound K16 improves the glucose tolerance of alloxan-induced diabetic mice. The effect of compound K16 on the blood glucose tolerance of diabetic mice was investigated by measuring the blood glucose level of the animal prior to and following administration of glucose at week 4, and subsequently monitoring the changes in blood glucose levels after 5, 10, 30, 60 and 120 min. The blood glucose level of control mice was approximately one third the levels of alloxan-induced diabetic mice (P<0.05), and peaked at about 13 mmol/l after 15 min, and then decreased to baseline level after 120 min (Fig. 3A) . The blood glucose level of alloxan group followed essentially the same pattern, peaking at 15 min, with a concentration of about 36 mmol/l and decreased to baseline levels after 120 min. The blood glucose levels the metformine and two K16 groups over the entire 120 min were fairly similar; lower than the levels of the alloxan group (Fig. 3B-D) . To compare the absolute change in the blood glucose over the entire 120 min period, the IPGTT AUC was calculated to demonstrate the total change in glucose. The results demonstrated that no significant difference in glucose tolerance was observed between the metformine treatment and the no treatment group (alloxan group; Fig. 3E ). However, the AUC of the K16 groups was significantly reduced compared with the alloxan group (P<0.05), indicating that compound K16 improved the glucose tolerance in drug-induced diabetic mice by eliminating exogenously administered glucose from the blood.
Compound K16 decreases serum lipids in alloxan-induced diabetic mice. Alloxan-induced diabetic mice treated with compound K16 over a period of 4 weeks were sacrificed at the end of the week 4. The TG levels of alloxan-induced diabetic mice were ~50% higher than the level of control mice (P<0.01; Fig. 4A ). The levels of serum TG in the two K16 groups were significantly decreased compared with the alloxan group (P<0.01), to levels that were even lower than the healthy control mice. As for serum CHO level, the alloxan group exhibited levels ~30% higher than the healthy control group (P<0.01), with the metformine group yielding even higher levels (Fig. 4B) , whereas the K16 groups exhibited reduced serum cholesterol levels compared with the alloxan group. However, only the high dosage (50 mg/kg) of compound K16 resulted in a significant reduction relative to the alloxan group (P<0.01; Fig. 4B ). These results indicated that compound K16 reduces the serum TG and CHO levels of drug-induced diabetic mice.
Effects of compound K16 on organ index. The effect of compound K16 on the organs of the mice was evaluated by determining the organ indexes (organ weight/body weight) of the spleen, liver and kidney following sacrifice of the animals at the end of the 4-week treatment. Overall, there was no significant difference in the organ indexes among all the different groups (Fig. 5 ). This suggested that compound K16 exhibited no toxic effect on the animals.
Co m p ou n d K16 u p regu l a tes th e ex p ressio n of glycometabolism-associated genes. The aforementioned experimental results indicated that compound K16 indeed exerted antidiabetic activity, as demonstrated by its ability to lower blood glucose level and to increase glucose tolerance in diabetic mice. Thus, to investigate the mechanisms associated with the antidiabetic activity of compound K16, the effect of the compound on the expression of genes or the activation of proteins that are involved in glycometabolism was analyzed.
The expression/phosphorylation of IR, IRS1, GSK-3β, Akt, Glut4 and Ampkα1 were determined in the current study (14, 15) . Compared with control mice, the phosphorylated protein levels of IR and IRS1 were significantly reduced in the alloxan group, however this reduction was significantly abolished in the K16 groups, at the low and high dosages (Fig. 6A) . At the high dosage, compound K16 also significantly increased the levels of phosphorylated GSK-3β and Akt, compared with the levels in the alloxan group. Furthermore, RT-qPCR revealed that the mRNA levels of Glut4 and Ampkα1 were significantly increased when the mice were treated with metformine or compound K16 compared with the alloxan group (Fig. 6B) .
These results provided evidence that compound K16 mediated upregulation of certain genes involved in glycometabolism, and suggested that this may be part of the mechanism by which compound K16 exerts its antidiabetic activity.
Discussion
The present study examined the potential antidiabetic effect of compound K16, which was isolated from M. charantia, a plant that is well known for its medicinal properties against a variety of diseases, including diabetes. The data of the present study clearly demonstrated that compound K16 reduced blood glucose levels, improve glucose tolerance and reduced the levels of lipids (TG and CHO) in the serum of alloxan-induced diabetic mice. Furthermore, compound K16 appeared to perform better than the antidiabetic drug, metformine, with the high dosage (50 mg/kg compound K16) yielding marginally improved results compared with metformin, which were not statistically significant.
Previous studies have demonstrated that the application of M. charantia fruit extract for the treatment of diabetes resulted in a dose-dependent hypoglycemic effect (4, 16, 17) . A potential underlying mechanism of this anti-diabetic activity is thought to be the activation of Ampk, resulting in the upregulation of the Glut4 gene (18) .
At the cellular level, a variety of natural polyphenols, including resveratrol, green tea polyphenols and polyphenols from Callistephus chinensis flower, have been demonstrated to activate Glut4 by activating the Ampk branch of the insulin-signaling pathway to stimulate glucose metabolism in fat and muscle tissues (19) (20) (21) (22) . However, high doses of resveratrol are less effective than low doses in the activation of Ampk and improvement of glucose utilization. Green tea polyphenols can relieve the condition of diabetes through modulating the expression of key proteins involved in the insulin signaling pathway, including IR, IRS1, Akt and GSK-3β (22, 23) . IR, IRS-1, Akt are predominantly activated by phosphorylation, and the data of the current study clearly demonstrated significant increases in the phosphorylated forms of these proteins in the alloxan-induced diabetic mice following treatment with compound K16, compared with no treatment (Fig. 6A ). GSK-3β is a serine/threonine protein kinase, which was originally discovered for its involvement in regulating glycogen synthase (23, 24) . Phosphorylation of GSK-3β is induced by activated Akt, which inhibits glycogen synthesis (25) . A recent study by Yang et al (16) demonstrated that M. momordica exerts antidiabetic activities by decreasing the levels of the proinflammatory cytokines tumor necrosis factor-α, interleukin 6 and C-C motif chemokine ligand 2, and inhibiting the nuclear factor-κB (NF-κB) and c-Jun N-terminal kinase (JNK) pathways. These authors observed significant increases in the levels of phosphorylated IRS1 and Akt, and reduced a level of phosphorylated JNK in mice fed with a high fat diet and 3% M. momordica compared to those fed with a high fat diet only. The data were consistent with the inhibitory effect on the phosphorylation of JNK and NF-κB.
Activation of Ampk requires the presence of an additional subunit encoded by the gene Ampkα1. Alloxan-induced diabetic mice treated with compound K16 demonstrated a significant increase in the level of Ampkα1 transcripts compared with untreated mice (Fig. 6C ), and this provided evidence that K16 exerts its antidiabetic activity through activation of Ampkα1. Furthermore, the transcript level of Glut4 was also significantly upregulated by compound K16. Glut4 is an insulin-regulated glucose transporter, which promotes glucose uptake into muscle tissue (7, 26) . Similarly, M. momordica-derived triterpenoids have been demonstrated to activate Ampkα1 and increase Glut4 translocation to the plasma membrane, a mechanism that may be responsible for the enhanced elimination of glucose from insulin resistant models in vivo (6) . The level of Glut4 in muscle tissues in Type 1 diabetes is substantially reduced. The expression of Glut4 is regulated by the insulin signaling pathway through IRS1 and Ampk (27) (28) (29) (30) . An increased level of Glut4 allows more glucose to be transported into the cells, thus, the upregulation of Glut4 was consistent with the antidiabetic activity exhibited by compound K16.
In conclusion, the antidiabetic activity of K16 was demonstrated through its ability to reduce blood glucose level, increase glucose tolerance and reduce serum lipids in alloxan-induced diabetic mice model. In addition, insight into the underlying molecular mechanism by which compound K16 exerts its antidiabetic effects was revealed. However, as diabetes is a disease that requires long term and continuous medication in its treatment, further investigation involving longer animal trials is required to ascertain the potential of compound K16 as a therapeutic and to further understand the mechanism of its antidiabetic effect. However, the current findings represent a step forward in the search for an antidiabetic compound from natural sources that would be effective for treating diabetes, and illustrated the importance of M. momordica as an effective source for the search of natural antidiabetic drugs.
